Passive immunisation, based on bovine colostral preparations, is an area of active research. Specific bovine antibodies inhibit the virulence factors of target pathogens but the interactions between whey preparations and human immune defence cells are not well known. Bovine colostrum inhibits the phagocytic activity of bovine leucocytes and this may reflect the biological activity of immunoglobulins in it. Therefore, this study aimed to examine the effects of bovine whey protein preparations from the colostrum of Streptococcus mutuns/S. sobrinus-immunised and sham-immunised cows on binding, ingestion and killing of these bacteria by human leucocytes. Binding and ingestion of FITC-labelled bacteria were estimated by flow cytometry and leukocyte activation was measured as chemiluminescence. Killing rate was estimated by plate counting and by measuring bioluminescence from S. mutans-containing the insect luciferase gene. Colostral whey protein preparation from hyperimmunised cows activated human leucocytes by opsonising specific bacteria. Neutrophils, eosinophils and monocytes weakly phagocytosed non-opsonised bacteria and bacteria opsonised with control product. On the contrary, binding and ingestion were efficient in the presence of the preparation from immunised cows. Thus, these results show that bovine colostral whey proteins are able to support the activation of human phagocytes against pathogenic microbes and that this property is related to specific antibodies in whey preparations. These whey proteins may also be clinically useful, especially in preventing the colonisation of newly erupted teeth by mutans streptococci.
Introduction
Dental caries is one of the most common bacterial infectious diseases in the world. The microbial etiology of caries is primarily associated with the group of bacteria called mutans streptococci and especially the species Streptococcus mutans and S. sobrinus [ 11. Because some anti-streptococcal antibodies can cross react with human tissues [2] , immunological protection against these bacteria is not feasible by direct vaccination with whole cells as antigens; therefore, other approaches are being studied extensively. One proposed approach is passive immunisation in which pre-formed antibodies are transferred to the oral cavity.
Studies have been done with monoclonal antibodies [3, 4] and with antibodies produced in common foodstuffs such as hen's egg-yolk [5, 6] and bovine milk [7, 81. Similarly, specific antibodies induced in bovine colostrum are used in passive immunisation against several other infectious diseases [ 91. Generally, passive immunisation has had better effect in prevention than in treatment of a disease.
Recently, a new membrane separation and chromatographic technique has been applied to enrich the immunoglobulin-containing protein fraction from the colostrum of cows immunised with S. mutans/S. sobrinus [ lo] . The concentrated whey proteins from the colostrum inhibited virulence factors of the oral streptococci in vitro [ 10, 1 13 . However, their effects on the activity of human immunological defence factors, such as leucocytes, are not known. Bovine colostral whey proteins inhibit the functions of bovine neutro-phils [ 121 but only very sparse information is available on the effects of bovine immunoglobulins or other milk proteins on the action of human phagocytes [ 131. Large numbers of leucocytes are constantly migrating from blood to gingival crevicular fluid and into the oral cavity. Gingival crevicular polymorphonuclear leucocytes (PMNLs) retain their viability and phagocytic [14] and chemotactic properties [15] . Saliva can increase the activity of crevicular PMNLs in vitro which may enhance the defence role of PMNLs in vivo as they enter the oral cavity [16] . Especially high numbers of leucocytes can be expected to be present around teeth during their eruption, which is the time when the cariogenic bacteria are established in the oral cavity [17] . Thus, even though F(ab')2 fragments of the antibodies are effective in preventing the colonisation of S. mutans in adults [18] , phagocytosis may be important in modifying the early colonisation of bacteria on tooth surfaces. Therefore, the aim of this study was to examine whether bovine colostral protein preparations from S. mutans/S. sobrinus-immunised cows affect phagocytic activity of human leucocytes, and if these effects are related to the specific antibodies in the preparation.
Materials and methods

Production of immune and control colostrum preparations
The production and composition of whey proteins containing specific anti-S. mutans/S. sobrinus antibodies from bovine colostrum was described in detail in our previous study [lo] . Briefly, two pregnant Friesian cows were immunised intramuscularly with an S. mutans ATCC 25175 (serotype c)/S. sobrinus ATCC 33478 (serotype d) (1 : 1) vaccine with Al(OH)3 as the adjuvant. A control cow was inoculated only with the adjuvant in saline. After the immunisation regimen and calving, the colostrum was collected. Colostral whey protein preparations were made by removing casein, fat, sugars and salts by centrifugation and chromatographic and membrane techniques. The final protein contents were 61% for the immune product (IP) and 73% for the control product (CP). In both cases, major protein components were immunoglobulins (37% in IP and 40% in CP) of which IgGl comprised > 80% [ 101. IP and CP also contained a-lactalbumin (4%) and P-lactoglobulin (1 3% and 18%, respectively). The specific IgG activities (1000 X A405; at a dilution of 1 in 300) of IP determined by ELISA were 262 for S. mutans, and 517 for S. sobrinus. CP showed no specific activities for either S. mutans or S. sobrinus [lo].
Isolation of leucocytes
Peripheral, ethylenediaminetetraacetic acid (EDTA)anticoagulated blood samples were collected from healthy volunteers. Blood erythrocytes were lysed with ammonium chloride (blood 1.5 ml, ammonium chloride 0.83% solution 8.5 ml) at room temperature for 15 min. After lysis, the leucocytes were separated by centrifugation (400 g, 10 min) and resuspended in Ca2+-and Mg2+-free Hank's Balanced Salt Solution with 0.1 % (gel-HB SS).
Opsonisation and labelling of bacteria
Late log-phase S. mutans ATCC 25175 or S. sobrinus ATCC 33478 cells, grown in brain heart infusion broth (BHI; Difco, Detroit, MI, USA) at 37"C, were washed five times with sterile saline and the OD620 was adjusted to 0.70 ( c . 1 X lo9 cfu/ml). The cells (1 ml) were then harvested and 1 ml of IP or CP in Trisbuffered saline (TBS, pH 7.2 ) in different concentrations (0, 0.1, 0.5, 1, 5 and 50 mg/ml) was added and incubated with bacteria for 25 min at 37°C. After washing three times with cold TBS, fluorescein isothiocyanate (FITC; Sigma) in 0.01 mg in 1 ml of 0.1 MNaHC03 buffer (pH 9.6) was added and the cell suspension was incubated for 30 min at 37°C. The cells were then washed with gel-HBSS and finally suspended in the same buffer. The treatment sequence (opsonisation before FITC versus FITC before opsonisation) was tested and found not to have any effect on the fluorescence intensity or the phagocytosis of the bacteria. The opsonised and labelled bacteria were stored at -20°C until used. For the chemiluminescence assays, portions of the bacteria were stored without FITC treatment.
Phagocytosis
The effect of different concentrations of IP or CP on the opsonisation of mutans streptococci for phagocytosis by human leucocytes was examined by flow cytometry. The non-fractionated leucocytes (c. 3 .O X lo5) and slightly sonicated (10 s, amplitude 5; MSE Disintegrator, London UK) non-opsonised or opsonised, FITC-labelled bacteria (1.5 X lo7) were incubated in 0.5 ml of gel-HBSS at 37°C. Samples were withdrawn after 5, 15, 30, 45 and 60min and immediately placed on ice. Phagocytosis was followed in neutrophils, eosinophils, monocytes and lymphocytes by gating each subpopulation according to forward scatter/side scatter histogram. Eosinophils were gated from the neutrophil population by using light-scattering polarisation [ 191.
Phagocytosis was determined from the fluorescence histogram where the gate M1, fluorescence-positive leucocytes, was set by leaving fluorescence-negative leucocytes (98% of leucocytes) in the absence of labelled bacteria at the left side of the gate (Fig. la) . For phagocytosis calculations, two parameters, the mean fluorescence intensity (MFI) and the percentage of fluorescence-positive cells, were obtained from gate M1. MFI consists of the fluorescence of the bacteria both inside and on the surface of the leucocytes. Trypan blue (TB) quenches the fluorescence of bacteria on the surface but not those inside leucocytes [20] . The quenching capacity of TB was determined by using Raji-cells [21] and neutrophils in the presence of 10 nM cytochalasin D [22] ; both cause adherence of FITClabelled opsonised target particles on the cell surface without phagocytosis. The maximum quenching capacity was achieved with TB at 5 mg/ml. It should be noted that TB was not able to quench the surface fluorescence completely, but left a certain amount of background fluorescence. Within unfractionated leucocyte pools, the lymphocyte population which is able to bind but not phagocytose bacteria, can serve as a control for the quenching efficiency of TB. The quenching is illustrated in Figs. lb, c and d, where neutrophils incubated with non-opsonised S. mutans at 37°C for 60min showed weak binding with 60% of fluorescence-positive cells and MFI of 100 before quenching ( Fig. lb) and with 30% of fluorescencepositive cells and MFI of 65 after quenching ( Fig. lc) . On the other hand, neutrophils incubated with S. mutans opsonised with IP 5 mg/ml showed efficient phagocytosis with 98% of positive cells and MFI of 720 after quenching ( Fig. Id) . From the two parameters, MFI and the percentage of fluorescencepositive phagocytes, the following quantities were 
Myeloperoxidase release
Myeloperoxidase (MPO) release was evaluated by measuring the luminol-enhanced chemiluminescence (CL) emission of leucocytes. The assays were performed in 0.3 ml of gel-HBSS containing leucocytes (3.0 X lo5), bacteria (c. 1.5 X lo7) and 0.5 mM luminol
The bacteria were either non-opsonised or opsonised with IP or CP. To test the effect of FITC-labelling on the CL response of phagocytes, some experiments were also performed with labelled bacteria (Fig. 4 ). The reaction mixtures were incubated at 37°C and the CL response was measured with BioOrbit 1251 Luminometer (BioOrbit, Turku, Finland) [23] . All CL assays were done in duplicate and repeated with leucocytes from six healthy donors. The same blood samples were used for flow cytometry measurements. The results are presented as peak CL values. Integral values of CL (0-60min) did not appear to yield additional useful information.
Killing assays
Killing of bacteria was determined only with nonopsonised and IP-opsonised bacteria, because CP did not have any effect on either phagocytosis or leucocyte activation. The assay mixtures contained, in 0.5 ml of gel-HBSS, non-opsonised or IP-opsonised S. mutans NCTC 10449 harbouring plasmid pCSS945 containing the Euc gene of firefly [24] (3.0 X lo7) and leucocytes (3 X lo6). Samples were withdrawn after incubation for 60min at 37°C and the leucocytes were disrupted by adding 10 volumes of ice-cold sterile water followed by ultrasonication for 10 s; 100-pl samples were transferred to a luminometer cuvette. D-Luciferin (100 pl, 0.5 mM, pH 6.0) was added and the bioluminescence measured at 37°C with a BioOrbit 1251 luminometer. The assay was done in duplicate and repeated three times. To confirm that the decrease in luminescence seen was true killing and not due to bacteriostatic action, similar experiments were performed also on solid media. After incubation for 60min, the leucocytes were disrupted as above and diluted samples were plated on BHI or Mitis-salivarius (MS; Difco) agar plates and cfu were determined. To exclude the effects of incubation, ice-cold water and sonication on the viability and light production of the bacteria, the samples were compared with control samples which were incubated and handled without leucocytes.
Results
Phagocytosis
Neutrophils in the presence of opsonised S. mutans accumulated fluorescence on the surface and inside the cells during incubation for 60 rnin at 37°C (Fig. 2a, c) . Binding and phagocytosis reached a stationary level after 45 min of incubation. All neutrophils had at least bound opsonised bacteria on their surface after incubation for 5 min and after 15 min all neutrophils incubated with the opsonised bacteria also contained internalised bacteria (Fig. 2b, d) . On the contrary, there was only minor accumulation of fluorescence when neutrophils were incubated with non-opsonised bacteria, or with bacteria treated with CP ( Fig. 2a, c) . About half of the neutrophils in these experiments contained intracellular fluorescence after incubation for 60 min (Fig. 2b) , while c. 40% of the fluorescent cells had non-opsonised or CP-opsonised bacteria bound only to the cell surface ( Fig. 2d ). IP contained opsonins which, dose-dependently, increased binding and phagocytosis of these bacteria (Fig. 3) . Analogous results were obtained also from experiments with S. sobrinus (data not shown). Monocytes and eosinophils showed similar kinetics of phagocytosis to neutrophils (data not shown) and their phagocytic activities, with lymphocytes as controls, are compared in Table 1 . It should be noted that both the percentage of lymphocytes containing intracellular fluorescence and the mean fluorescence intensity of lymphocytes, which did not phagocytose, were roughly the same as those of phagocytes in the presence of non-opsonised bacteria after incubation for 60min (Table 1 ). However, both parameters increased in phagocytes, but not in lymphocytes, during the incubation (data not shown), suggesting that neutrophils, monocytes and eosinophils phagocytose non-opsonised bacteria weakly. Neutrophils performed 96% of the total phagocytosis of opsonised bacteria in the phagocyte population (Table  1) . 5 min. The CL burst was also observed in the presence of non-opsonised bacteria. On the other hand, when opsonised bacteria were present, another peak appeared after c. 30 min. It can be concluded that the first peak represents extracellular events (release of MPO, superoxide anion and H202 from the cells) when phagocytes react with the surface of luminometer vials and with each other, while the second peak represents the activity of MPO released from primary granules into phagolysosomes. The effects of opsonisation both on the MPO activity ( Fig. 5 ) and on the amount of ingested bacteria (Fig. 3 ) are essentially the same. This suggests that the amount of MPO released from primary granules into phagolysosomes is closely related to the amount of ingested bacteria. Moreover, because the labelling of bacteria by FITC did not essentially affect the CL emission ( Fig. 4) it can be concluded that FITC labelling does not influence the ingestion of bacteria.
Myeloperoxidase release
Killing assays
The viability of bacteria was assayed after incubation for 60 min, when the ingestion of mutans streptococci ! 3 *In each leucocyte population the proportions of fluorescent cells (%) and mean fluorescence intensity (MFI) of the cells after incubation (60 min, 37°C) with immune product ( 5 mg/ml) and opsonised or non-opsonised bacteria were determined (mean, SD, n = 4). Measurements were made before and after quenching extracellular fluorscence with trypan blue. The phagocytosis efficiency of each cell population was counted as following: cells counted (%) X PHE. PHE, cells fluorescing (%) X MFI after quenching with trypan blue. §As lymphocytes are not able to phagocytose their 'phagocytic activity' was not included.
by phagocytes had ceased. Almost 90% of non-
Discussion
opsonised bacteria were alive in both bioluminescence and plate count assays (Fig. 6 ). There was a trend towards fewer bacteria being alive after phagocytosis and opsonisation ( Fig. 6 ) but the reduction did not reach statistical significance (Student's t-test).
In the absence of opsonins, human phagocytes are inefficient in destroying mutans streptococci [25, 26] as was shown in the present study. Bovine whey fiom hyperimmunised cows augmented markedly the capa- city of the phagocytes to bind and ingest these pathogenic bacteria. Neutrophils were found to ingest the highest amounts of opsonised bacteria and, due to their abundance in peripheral blood, they comprised 96% of the total phagocytic activity in these assays.
Opsonisation of mutans streptococci by normal human serum or by polyclonal specific antibodies from rodents increase the leucocyte activity against these bacteria [26, 27] . Concentrations of 3 5 mg/ml of the whey product were needed to induce the phagocytic activity in the present study. However, c. 50% of the product is composed of immunoglobulins and not all these immunoglobulins are specific for streptococci; thus, the concentration of specific opsonins is much lower. In the bovine whey preparations, IgGl comprises 83% of total immunoglobulin fraction, IgM (10.7%), IgG2 (3.7%) and IgA (2.8%) being less abundant [lo] . Bovine IgGs and IgM enhance the phagocytic activity of bovine leucocytes by opsonising bacteria, but IgA lacks such an activity. Human colostrum affects human phagocytesboth inhibition [28] and activation [29] have been reportedand bovine whey proteins may inhibit the phagocytic activity of bovine leucocytes [ 121 but, to our knowledge, there are no reports about their effects on human leucocytes. However, passive immunisation regimens based on bovine colostrum are developed against many microbial diseases and, therefore, interactions between bovine whey proteins and human immune defence cells, e.g. leucocytes, are of interest. Thus, as the aim of the study was not just to examine the interactions of specific bovine immunoglobulins and human leucocytes, but also the general effects of bovine colostral whey protein preparations on the activity of human leucocytes, the specific immunoglobulins were not purified further. No difference was found between activities of non-treated and control whey-treated leucocytes, indicating that bovine whey proteins do not interfere with the phagocytic activity of human peripheral neutrophils. It has been suggested that the inhibitory activity of whey proteins towards bovine leucocytes is due to blocking the Fc-receptors on leucocyte surfaces [12] . It is possible that such factors are washed out during processing of whey proteins or that they do not bind with human Fcreceptors. However, the bovine immunoglobulins bound on bacterial surfaces were apparently recognised by human leucocytes, as the whey proteins from the colostrum of S. mutans/S. sobrinus-immunised cows markedly increased the phagocytosis of mutans streptococci.
Although the chemiluminescence measurements showed high respiratory burst activities in leucocytes Fig. 5 . Dose-dependency of S. mutans opsonisation on MPO release. The bacteria were opsonised with different concentrations of IP or CP and incubated with leucocytes for 60 min at 37°C. The luminol enhanced CL was measured with a luminometer for 90min. Results are expressed as mean peak CL values of the second peak (see Fig. 4 ), which appeared c. 30 min. after the first peak (bar, SD; n = 6). during the phagocytosis of opsonised bacteria, killing of the streptococci was rather inefficient. The respiratory burst activity of phagocytes produces superoxide anion radical by the NADPH oxidase complex on the plasma membrane. Superoxide radical is dismutated to H202, which serves as a substrate for MPO provided that this enzyme is released fi-om primary granules [30] . The luminol CL has been shown to be nearly completely dependent on MPO both in neutrophils [31-331 and in monocytes [34, 35] and, moreover, on the release of MPO from the granules [36-391. Thus, luminol appears to be an excellent probe for the biochemical events preceding the oxygen-dependent killing. Recorded low killing rates seem to contradict the high respiratory burst activity, but the differences may be due to the killing assay protocol in which bacteria bound on the surface of the phagocytes or free bacteria were not removed before lysis of phagocytes. Therefore, ingested, surface-bound and fiee bacteria are all included in the viability assays, thus resulting in killing rates that are too low. Moreover, killing may have continued after incubation for 60 min, because MPO activity was measurable for at least 90min, but reactive oxygen species formed in phagolysosome may also be ineffective in the killing of 5'. mutans. On the other hand, killing of the ingested bacteria is apparently less important in the oral cavity than elsewhere in the human body, as most leucocytes are removed from the mouth by swallowing, and with the swallowed leucocytes all ingested bacteria, live or dead, are also removed.
MPO, derived from PMNLs, as well as specific antibodies, inhibit the adherence of S. mutans on saliva-coated surfaces [40-421 and leucocytes can even detach adherent oral bacteria from saliva-coated hydroxyapatite [43] . Even though the activation of leucocytes is not needed to prevent re-colonisation by indigenous bacteria in human adults [ 181, it may be an important mechanism in modifying the colonisation of bacteria on erupting teeth. In vivo, most of the leucocytes are eventually removed from the oral cavity by swallowing, and thus, detachment and phagocytosis are sufficient to remove bacteria and prevent their colonisation. Thus, by effectively opsonising mutans streptococci as they enter the oral cavity during early childhood, their establishment could be prevented. As suggested by this study, bovine immune whey may offer an effective and economical tool for this purpose. Fig. 6 . The killing of opsonised (M) and non-opsonised ( ) S. mutans by human leucocytes. The killing was measured as a reduction of cfu on agar plates and also as a reduction in luminescence of bioluminescent S. mutans strain after incubation of the bacteria with leucocytes for 1 h at 37°C (mean; bar, SD).
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